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Abstract. Broadband beamforming, including frequen-
cy invariant beamforming, is often achieved by processing
the received sensor signals through tapped delay-lines. Un-
like most of the existing techniques, we propose a novel de-
sign method for three-dimensional frequency invariant beam-
formers without employing tapped delay-lines. The resul-
tant beamformer, which can form a beam steerable along
both the elevation angle and the azimuth angle, has a very
simple implementation . A design example is provided to
show the effectiveness of the proposed method.
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1. INTRODUCTION

Beamforming has been studied extensively in the past and
recently a lot of interest has been focused on a class of ar-
rays with frequency invariant responses[1, 2, 3,4, 5,6, 7, 8],
which can achieve a beam pattern independent of frequency,
and hence with a constant beamwidth. Traditionally a com-
mon feature of broadband beamforming is the use of tapped
delay-lines (TDLs), which can form a frequency dependent
response for each of the received broadband sensor signals
to compensate the phase difference for different frequency
components.

As a special class of broadband beamformers, in gen-
eral the design of a frequency invariant beamformer also re-
quires the use of tapped delay-lines. Recently, a rectangular
array with a frequency invariant property was proposed [9]
and then further studied in [10]. A special characteristic of
this beamformer is that there are no TDLs involved and only
one single weight is attached to each sensor. Because of the
symmetry of the pattern involved in the design, all of the
resultant array coefficients are real, and therefore any phase
shift in the array can be avoided, which greatly simplifies
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Fig. 1: A three-dimensional sensor array.

the circuits.

However, the problem with this kind of rectangular ar-
ray is that it can only form a beam along the azimuth angle
and basically it works as a linear array, which is due to the
ambiguity between frequency and the elevation angle. In
order to remove this ambiguity and achieve a beamforming
capability along both the azimuth angle and elevation an-
gle, i.e. functioning as a normal rectangular array, we need a
three-dimensional (3-D) array system. In this paper, we pro-
pose a novel design method for such a frequency invariant
3-D array without TDLs. In Section 2, the beam response
of a 3-D array is studied and based on our analysis a novel
design method is proposed. A design example is given in
Section 3 and finally conclusions are drawn in Section 4.

2. FREQUENCY INVARIANT BEAMFORMING
FOR THREE-DIMENSIONAL ARRAYS

Fig. 1 shows an equally spaced three-dimensional array in
the (x,y, z) space with a signal coming from a direction of
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(0, ¢). The spacing of the array elements in the z, y and z
directions is d, dy and d, respectively.

The array’s beam response with respect to temporal fre-
quency w rad/s and angle of arrival (6, ¢) of the impinging
signal is given by
. kw sin 6 cos ¢dg

> D(kdy,ldy,md,)e™? e

k,l,m=—oc0

P(w,0,¢) =

L lwsin 0sin ddy mw cos 6d.-

eI, g mespts (1)

where D(kd,, ld,, md.) is the response of the sensor at the
position (kdy, ld,, md,), k,l,m=...,-1,0,1,...,and ¢
is the wave propagation speed. Note that D(kd,, ld,, md.)
is both a constant and independent of frequency, since there
are no tapped delay-lines or any other frequency dependent
processing for each received sensor signal.

With the following substitutions

w sin 0 cos ¢d,;,

w1, =
c
wsin @ sin ¢d,
wy = —
c
wcos Od,
wy = ———, (2)

Cc

we have

> D(kdy,ld,, md,) e k1

k,l,m=—o0

P(u)l,WQ,(U?,) =
e~ Jlw2 p—jmws (3)

Obviously, the beam pattern of such a 3-D array can be
obtained by first applying a 3-D Fourier transform to the
array’s coefficients D(kd,, ld,, md,) according to (3) and
then using the above substitutions in (2). Since all the three
substitutions are functions of w, the resultant beam pattern
in general will also be frequency dependent. Alternatively,
from the desired beam pattern P(w, 6, ¢), we can express it
in the form of w1, wo and w3 and then apply a 3-D inverse
Fourier transform to get the coefficients D (kd,, Id,, md.).

Likewise, to achieve a frequency invariant beam pattern
(P(0, ¢)), we again express P(f, ¢) as a function of wy,
wo and w3 and then inverse transform to get D(kd,,d,,
md). The problem is, we need to find a way to eliminate
w in the expressions for  and ¢, otherwise, the resultant
D(kdy,ld,, md,) will still be a function of w and not a
constant as required. So in the following, we will propose a
substitution in the desired frequency invariant response for
# and ¢, in which w will disappear due to a special arrange-
ment.

From (2), we can have

wgdz
= t
ond, an ¢
2 d2+ 2/d? i 02
wi/ds ts/dy o “;2/ v S0 e, @
w3 /d? cos? 0

Thus, we easily obtain the following pair of substitutions
for 6 and ¢:

¢ = arctan wads
W1y
[ 271 2/ 72
wi/df + w3 /d; ™
0 = t — =¥ @peo;=]). (5
arctan T (E[,Q]) (5)

Now given the desired frequency invariant response P (6,
@), the design of the 3-D uniformly spaced array can be de-
scribed as follows:

Step 1. Using the substitutions of (5) in P(f, ¢), we ob-
tain P(w1,ws,ws), defined over one period wy,ws,ws €
[—7; ).

Step 2. Applying a 3-D inverse Fourier transform to P (w1,
wa,ws) returns the desired coefficients D(kd,,ld,, md,)
for the corresponding sensors with infinite support. Suppose
the array dimension is K x L x M. As an approximation,
we can employ the 3-D inverse discrete Fourier transform
(IDFT) by sampling P(w; , ws,ws) on the K x L x M points
ofw; = 77r+2k7”,l~<: =0,1,....,K—1,wp = 77r+217”,l~:
0,1,...,L—Tlandws = —7+22% 1) =0,1,..., M —1,
where K > K, L > Land M > M. To fit the dimensions
of the K x L x M of the array, we need to truncate the re-
sultant D(kd,, ld,, md.) to the size of K x L x M. Note
that various “windows” could be used.

Now there is an effective region for the array’s response
in the (w1, ws,ws3) domain for a given frequency range of
interest. From (2), we can have

2,2 2,2 2,2
cfwi  cfw;  ctws 9

d§+d§+d5 =w?. (6)

Suppose the range of the frequency of interest is w € [wWiin;
Wmax, then we have

Aw?  Pw? AWl
w

2 . 2
di, + d% d% € [wmin7 max] . (7)

Therefore, P(w1, w2, ws) can take any value without affect-
ing the array’s response to the frequency range of interest
for the following two regions

22 2.9 2 9
Aw?  AAwi Pur
0< —L 4+ —2 43 <2, (8)
2 2 2 min
e e T e
and
Aw?  Awi Pw? L2 )
wi o
e e x

One easy choice is to assign a constant value to it for those
two regions. Intuitively, with this approach, the modified
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Fig. 2: The resultant beam pattern of the 3-D array at
f = 500H z, with respect to azimuth (angle coordinate) and
elevation (radial coordinate).

P(w1,ws,ws) will become smoother than the original one
and so the 3-D IDFT can lead to an improved design result.

In the above design, we first need to have the desired fre-
quency invariant response, which can be obtained by a de-
sign method for narrowband beamformers and in this case,
a narrowband rectangular array. Normally, the P (6, ¢) ob-
tained will be in the form of F(sin 6 cos ¢, sin 0 sin ¢p) —
see the next section for an example of such a desired re-
sponse. To avoid aliasing, d,,dy,d, < Amin/2, where
Amin 18 the wavelength of the maximum frequency of in-
terest Wmax, and we set d, = dy = d, = Anin /2. Then for
w > 0, from (2) and (6), we can easily derive the following
substitutions:

sinfcos¢p = S W
Vw? +wi + w3
sinfsing = ———2 (10)

\/wf +w§ +w§

So P(w1,ws,ws) can be obtained as

Pt =)
\/w%+w§+w§’\/wf+w§+w§ll)

P(w17w27w3) =

3. DESIGN EXAMPLE

In this section we provide an illustrative design example
for acoustic arrays. The frequency range of interest is be-
tween 500 Hz and 1500 Hz and the propagation speed is
340m/s. The dimensions of the 3-D equally spaced array
are 15 x 15 x 15 and the adjacent sensor spacing is set to be
34000/(2 x 1500) = 11.33 cm. The desired beam pattern
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Fig. 3: The resultant beam pattern of the 3-D array at
f = 1500H z, with respect to azimuth (angle coordinate)
and elevation (radial coordinate).
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Fig. 4: A slice of the beam pattern (0, f) at azimuth angle
¢ = 100°.

is given by
1 1
F(sin@COS d)’ sin @ sin ¢) = 5 Z efjlwsmecomb
I,m=—1
e—dmmsinfsing (12)

which forms a main beam towards the broadside § = 0
and ¢ = 0. This desired frequency invariant response is
obtained by a narrowband rectangular array with uniform
weighting. Note that after the substitutions in (10) and (11),
the resultant P(w1, wa, ws) is symmetric with P (w1, wa, w3)
= P(—w1, —w2, —w3). Hence the coefficients D(kd,, id,,
md,) we obtain after the inverse Fourier transform will be
real-valued and the resultant frequency invariant beamformer
is not only without tapped delay-lines, but also without phase-
shifters, which significantly simplify implementation.

We employed a 32 x 32 x 32-point 3-D IDFT on the
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Fig. 5: A slice of the beam pattern (0, f) at azimuth angle

¢ = 300°.

[4]

resultant function P(wq, ws,ws) and set P(w1,ws,ws) = 0
for the area outside the frequency range [400H z; 1700H z]
according to equations (6) to (9). We left the region be-
tween 400 Hz and 500 Hz and the region between 1500 Hz

and 1700 Hz as the transition bands. Since the beam pattern
is four-dimensional, we can only provide some exemplary

snapshots. Figs. 2 and 3 give the array’s response in cylin-
drical coordinates to the frequencies f = 500 Hz and 1500
Hz, respectively. The height axis is the magnitude response
of the beam, the radial coordinate is for the elevation angle 6
and the angle coordinate is for the azimuth angle ¢. The fre- [6]
quency invariant property can be verified by the clear sim-
ilarity of these two figures. In addition, the response with
respect to 6 and f for two different values of ¢ are given in
Figs. 4 and 5, with ¢ = 100° and 300°, respectively. The

frequency invariant property is clearly visible.

4. CONCLUSIONS

[7]

We have proposed a novel frequency invariant beamform-

ing design method for three-dimensional broadband arrays

without tapped delay-line processing. Different from the [8]
previously proposed rectangular arrays without tapped delay-

lines, this 3-D array can form a beam steerable along both

the azimuth angle and the elevation angle and has a very

simple implementation. A design example has been pro- 9]
vided, yielding satisfactory frequency invariant characteris-

tics over the range of frequencies of interest.

5. ACKNOWLEDGEMENTS

[10]

This work has been supported by the Nuffield Foundation

award NAL/32599.

IT - 1000

6. REFERENCES

M. M. Goodwin and G. W. Elko, “Constant
beamwidth beamforming,” in Proc. IEEE Interna-
tional Conference on Acoustics, Speech, and Signal
Processing, Minneapolis, USA, April 1993, vol. 1, pp.
169-172.

T. Chou, “Frequency-independent beamformer with
low response error,” in Proc. IEEE International Con-
ference on Acoustics, Speech, and Signal Processing,
Detroit, USA, May 1995, vol. 5, pp. 2995-2998.

D. B. Ward, R. A. Kennedy, and R. C. Williamson,
“Theory and design of broadband sensor arrays with
frequency invariant far-field beam patterns,” Journal
of the Acoustic Society of America, vol. 97, no. 2, pp.
1023-1034, February 1995.

S. C. Chan and K. S. Pun, “On the design of dig-
ital broadband beamformer for uniform circular ar-
ray with frequency invariant characteristics,” in Proc.
IEEE International Symposium on Circuits and Sys-
tems, Phoenix, USA, May 2002, vol. 1, pp. 693—-696.

Z.S. Wang, J. Li, P. Stoica, T. Nishida, and M. Shep-
lak, “Constant-beamwidth and constant-powerwidth
wideband robust capon beamformers for acoustic
imaging,” Journal of the Acoustic Society of America,
vol. 116, no. 3, pp. 1621-1631, September 2004.

W. Liu and S. Weiss, “A new class of broadband ar-
rays with frequency invariant beam patterns,” in Proc.
IEEE International Conference on Acoustics, Speech,
and Signal Processing, Montreal, Canada, May 2004,
vol. 2, pp. 185-188.

S. C. Chan and H. H. Chen, “Theory and design of
uniform concentric circular arrays with frequency in-
variant characteristics,” in Proc. IEEE International
Conference on Acoustics, Speech, and Signal Process-
ing, Philadelphia, USA, March 2005, vol. 4, pp. 805—
808.

L. C. Parra, “Steerable frequency-invariant beamform-
ing for arbitrary arrays,” Journal of the Acoustic Soci-
ety of America, vol. 119, pp. 3839-3847, June 2006.

M. Ghavami, “Wideband smart antenna theory us-
ing rectangular array structures,” [EEE Transactions
on Signal Processing, vol. 50, no. 9, pp. 2143-2151,
September 2002.

M. Uthansakul and M. E. Bialkowski, “Wideband
beam and null steering using a rectangular array of
planar monopoles,” I[EEE Microwave and Wireless
Components Letters, vol. 16, pp. 116-118, March
2006.



